ABSTRACT Detailed information about the components of degradation is quite beneficial for the prognostics and health management study of lithium-ion batteries. This paper reports a nondestructive method for the decomposition study of the reasons of degradation for LiCoO 2 batteries. The values of parameters of the multiphysics model are obtained in a four-pattern aging test and, then, the components of the capacity fade, overpotential rise, and heat behavior are quantitatively calculated by using the identified parameters and model simulation. The capacity fade is divided into three components due to the changes of parameter, the volume fraction of active material (ε s ), and stoichiometric numbers (x 0 and x end ) during aging process. The overpotential rising is divided into three components according to the reaction overpotential and the terminal voltage equations in the multiphysics model. In addition, the heat generation is divided into three components and the heat exchange is divided into two components based on the thermal part of the multiphysics model. All the decomposition results are graphically shown, and the ratios of the degradation components are presented in tables. The proposed method is expected to extend the applications of the multiphysics model and bring a new idea to the primary diagnosis of lithium-ion battery.
I. INTRODUCTION
Lithium-ion batteries have been widely used in a variety of applications ranging from electric vehicles to mobile devices, making their prognosis and health management an important issue [1] , [2] . This subject has attracted many researchers in recent years. The main manifestations of battery performance degradation are the capacity fade and overpotential rise, where the overpotential is the difference between the terminal voltage and the equilibrium potential at a certain current rate. At the same time, the heat behavior will change with increasing internal resistance. Many factors can give rise to these changes, and how to decompose them quantitatively is the key issue in the study of battery degradation.
Currently, two types of methods are in use for analyzing the degradation reasons of lithium-ion batteries: the postmortem method and the method based on battery performance analysis.
The methods of the first type can elucidate the aging mechanism directly by using some advanced instruments and test methods after disassembly of an aged battery [3] - [6] . This approach can study the detailed state of the degraded active material and electrolyte, but because of its destructive nature, the first method cannot be implemented for in-use batteries.
The second type of methods is nondestructive, and more macroscopic information can be obtained. The incremental capacity analysis (ICA) is the most famous method and has attracted many researchers in recent years. The ICA curve is the derivative of the capacity change with respect to the terminal voltage in the discharge or charge process (dQ/dV). It reflects the positions and amplitudes of the voltage platforms of the active material in the electrodes. Peak changes indicate the degradation caused by material loss or internal resistance rise [7] , [8] , so it is very suitable for aging mechanism analysis of batteries. Similarly, several methods, such as the DVA(dV/dQ) [9] , DTV(dT/dV) [10] , dDOD/dE [11] and capacity difference analysis (CDA) [12] , were also proposed in recent years. These nondestructive methods could achieve the decomposition and quantification analysis of the capacity loss [7] - [9] , [13] , and have been used for modeling capacity degradation and SOH estimation [14] .
A practical toolbox, ''Alawa'' (the Hawaiian word for ''to diagnose''), has been developed to help the ICA and DVA method [15] , [16] and is devoted to battery degradation diagnosis and prognosis. In these methods, special instruments are not necessary, and the batteries are not destroyed during analysis. Therefore, they can be utilized for continuous observation of battery degradation.
Another nondestructive method is to analyze the electrochemical mechanisms by using an electrochemical model and identified parameters. In [17] - [23] , the degradation of some parameters was investigated. Compared to the former methods, degradation laws of parameters were regarded as the direct evidence of internal degradation, and then some degradation mechanisms of batteries were discussed. These papers presented several isolated relationships between a limited number of parameters and battery degradation, and have posed a challenge to relate battery degradation to the model parameter variations.
Recently, comprehensive methods including both the postmortem method and the nondestructive method have become popular [24] , [25] , and the model parameter method was reported [26] . These literatures provide a rich background for the nondestructive analysis of the degradation mechanisms of lithium-ion batteries, and the quantitative methods are also instructive to our research. However, these studies focus on only the capacity fade and its mechanisms, while studies on other performance degradation effects such as the overpotential rise and thermal behavior changes are very rare. A modelbased method is expected to provide detailed information on the relationships between battery performance and parameter variations in different aging patterns for quantitative analysis of the components of battery degradation.
In our previous works [27] , [28] , a multiphysics model has been proposed based on the P2D model and heat transfer theory, shown in Appendix A. It can address the complex mechanisms of physical and chemical processes. The multiphysics model has a large set of parameters with corresponding physical meaning, making it possible to calculate the components of battery degradation quantitatively [29] . This paper presents a novel nondestructive degradation analysis method for cycle aged lithium-ion batteries. The components of the capacity fade, overpotential rise and heat behavior are calculated by using the multiphysics model and the identified parameters. Degradation laws and are further discussed briefly. The rest of this paper is organized as follows: Section II introduces the experimental setup and the parameter identification method. Sections III to V provide the methodologies, results and discussion on the decomposition studies for the capacity fade, overpotential rise and heat behavior, respectively. Finally, some conclusions are drawn in Section VI.
II. EXPERIMENTS AND PARAMETER IDENTIFICATION
In aging investigation, type ICR14500E-075 cylindrical batteries (DLG Power Battery, Shanghai, China) have been used. The capacity of the batteries is 750 mAh and some other specifications can be seen in Appendix B. The experimental process is shown in Fig. 1 , Cycle aging tests (CAT) and reference performance tests (RPT) were conducted alternately by a battery testing system (Neware BTS-5V6A, China). The cycle aging test (CAT) includes 20 full chargedischarge cycles under four aging patterns denoted by HT 2C, HT 1C, RT 2C and RT 1C, in which the constant current was set to 1C or 2C, and the ambient temperature was set to RT=25 • C or HT=50 • C, respectively. An RPT was conducted after a CAT with a 6h rest. In RPT, batteries were charged with the CC-CV methods, and tested with a dynamic charge/discharge including 17 steps at 15 • C and 30 • C, respectively, and the current profile is shown in Fig. 2 . In Step 17, the batteries were discharged at 0.5C until the terminal voltage U app < 2.75Vn. Experimental terminal voltage (U app ) and shell temperature (T sh ) data were acquired every 1 s. Experimental data in dynamic charge/discharge will be used for parameter identification. And the experiment discharge data at 0.5C 25 • C, considered the ''standard conditions'', will be used for tracking the capacity fade and decomposition study. The ambient temperature was controlled by a high-precision thermal chamber (Partner PTC14003-M, China) in both CAT and RPT. In CAT and RPT, the batteries were charged with the CC-CV mode, and the cut-off current is very small (I app = 0.05C), so the batteries could be considered fully charged before testing.
The parameters of the multiphysics model are given in Appendix B, and the description of all parameters is provided in Appendix C. There are 25 parameters identified by the parallelized multi-objective genetic algorithm (MOGA) [30] , [31] . Sum of Squared Error (SSE) between the model outputs and the experimental data of RPTs at 15 • C and 30 • C are used as four objective functions:
where U app,i is the model output terminal voltage data, T sh is the model output shell temperature,Û app,i andT sh,i are the experimental data, and N is the number of data points. The optimal solution to the identification problem is a set of parameters with which the model simulated data shows the best fit to the experimental data.
For example, the parameters of a fresh battery were identified. The experimental data and the simulated data of the dynamic charge/discharge are compared in Fig. 3 , the average error of U app is 24.6 mV, and the average error of T sh is 0.18 • C. Next, the identified parameters were used to simulate a series of verification conditions with the battery testing system and the thermal chamber, Fig. 4 shows the comparison of simulated data with experimental data, and Table 1 lists the average errors. Compared to the discharge platform voltage and the test temperature, the relative error of U app is 0.31∼0.92%, and the relative error of T sh is 0.27∼6.4%. These results are much better than the error of 5% reported in [32] . In particular, the simulated discharge capacities in the verification conditions fit the experimental data very well, which shown in Table 2 , demonstrating the effectiveness of the purposed method. All batteries were aged for 360 cycles, and 19 sets of parameters in each aging patterns were obtained. Because of the large number of the parameters, they are not shown here in details. The simulated vs. experimental capacity fade is shown in Fig. 5 , and different laws of the capacity fade can be seen, with the decomposition study described in the next section.
III. DECOMPOSITION STUDY OF CAPACITY FADE

A. METHODOLOGY
Ideally, the total capacities of the active material of the negative electrode and the positive electrode are: where Cap total is the total capacity of an electrode when the lithium ions are fully inserted/deinserted into/from the active materials. The constants in (2) are listed in Table 3 , so the total capacity is determined only by the volume fraction of the active material (ε s ). In fact, lithium ions do not fully insert/deinsert into/from the active materials, and the stoichiometric number (defined as x and y for negative and positive electrode, respectively) changes in a certain range, which is defined as the stoichiometric window and is expressed by x and y:
where x 0 and y 0 are the stoichiometric numbers of the negative and positive electrode, respectively, when the battery is fully charged and x end and y end are the stoichiometric numbers when the battery is fully discharged. Therefore, the actual cycle capacity is determined by both the volume fraction of active material (ε s ) and the stoichiometric window ( x and y). By using the method proposed in Section II, the values of the parameters ε s,n and ε s,p in (2) and x 0 and y 0 in (3) during the aging process were identified. Fig. 6 and 7 show the changes of the parameters ε s,n and x 0 . The continuous decrease of the parameter ε s,n may be caused by the failed active material covered by the SEI film, and more degradation occurs in the HT aging pattern. In [20] , the degradation law for the parameter ε s,n at 25 • C and 40 • C was investigated, and the results are very similar to those obtained in our work. Then, parameters x end and y end were obtained by the simulation results, show that during the aging process, the value of x end continuously increases, while the value of y end decreases. And then the stoichiometric window ( x and y) could be calculated by (3), illustrated in Fig. 8 and 9 . By using those results, the changes of stoichiometric numbers are visually shown in Fig. 10 . As shown there, the parameter y end stays on the voltage plateau at the end of the discharge during aging, and the values of parameter y end L. Zhang, C. Lyu: Decomposition Study of Degradation Reasons for LiCoO 2 -Based 14500 Lithium-Ion Batteries FIGURE 6. Changes of the parameter x 0 in four aging patterns.
FIGURE 7.
Changes of the parameter ε s,n in four aging patterns. are almost constant. Therefore, when reaching the end of discharge, the full battery voltage drop is mainly determined by the rise of the negative electrode potential, so the negative electrode is the control electrode. Changes of the parameter x 0 and x end may affect the degradation of battery capacity.
Here, we try to decompose the capacity fade of the negative electrode, and the quantitative calculation is performed as follows:
For the negative electrode, the capacity of the N th cycle can be obtained from (4): Compared to the capacity of a fresh cell Cap(0), the capacity loss after N cycles can be calculated as:
This expression can be rewritten as:
The term Cap total n (0) − Cap total n (N ) is the total capacity loss of the active material in the N th cycle, and the actual capacity loss can be obtained by multiplying by x(N ). Therefore, the last term on the right side in (6) is denoted as Cap x loss (N ), defined as the part x of capacity fade. By expanding the first term on the right side in (6), we obtain:
The origin of the x decrease can be divided into two contributions: the x 0 decreases and the x end increases.
The pure degradation modes caused by the x 0 decrease and x end increase are simulated by the multiphysics model. Fig. 11 shows the discharge curve change when x 0 decreases. VOLUME 6, 2018 L. Zhang, C. Lyu: Decomposition Study of Degradation Reasons for LiCoO 2 -Based 14500 Lithium-Ion Batteries 12 shows the schematics for explaining the capacity loss when the overpotential (OP) increases while the other parameters in the model remain unchanged. For a more clear illustration, the overpotential increase has been exaggerated. In fact, the capacity fade caused by the overpotential is very small, and the details are described in the next section.
Details of part y are discussed based on Fig. 11 : Assuming that the total quantity of active material remains the same during aging (no part x), the term Cap total n in (3) remains constant, the scope of Fig. 11b and 11c remain the same, and the change in x 0 could only cause a shift in the curve. At the same time, assuming that the total overpotential at the end of discharge OP(EOD) is stable, the battery terminal voltage is determined by U app (EOD) = E ocv,p (y end ) − E ocv,n (x end ) − OP(EOD), and the discharge cut-off voltage U app (EOD) = 2.75V has a definite value. Since the parameter y end stays on the voltage plateau at the EOD (shown in Fig. 11a ), the value of parameter x end almost a constant when the battery reaches the EOD threshold (as shown in Fig. 11b to 11d ), so the stoichiometric window x is almost unchanged. In addition, when the battery is fully-charged, the OCV is determined by E ocv,p (y 0 ) − E ocv,n (x 0 ). From Fig. 10 we can see that the x 0 always stay on the voltage plateau, then the E ocv,n (x 0 ) increase very little during aging and the E ocv,p (y 0 ) increases little accordingly, causes the decreases of y 0 . Due to the sharp slope of the E ocv,p curve around y = 0.4 (shown in Fig. 11a ), the value of the parameter y 0 changes minimally, and this result is shown in Fig. 10 , so it hardly affects the battery capacity. Therefore, according to (3), when the negative electrode is the control electrode, and the values of x and x end keep stable during aging, the discharge capacity is determined solely by the value of parameter x 0 . Fig. 7 shows that the value of parameter x 0 decreases continuously and the discharge capacity shows corresponding losses, so this phenomenon contributes some of the capacity fade which defined as Cap y loss (N ). Details of part z are discussed based on Fig. 12 : Assuming that there are no active material loss and the value of parameter x 0 has no change during aging, the OCV curves do not shift. The battery terminal voltage is determined by Fig. 12c) , and the discharge cut-off voltage U app (EOD) = 2.75V has a definite value. Since the parameter y end stays on the voltage plateau at the end of discharge (shown in Fig. 12a ), then the OCV of the positive electrode E ocv,p (N ) is almost equal to the initial value E ocv,p (0), the increase in the overpotential is mainly determined by the decrease of the E ocv,n (N ). For example, in Fig. 12c the difference between the U app curve and the E ocv curve is defined as overpotential (OP) at the end of discharge. OP(0) increase to OP(N) during aging, causes an early discharge ending and less discharge capacity. In Fig. 12b , it shows that the decrease in the OCV of the negative electrode is caused by the increase in x end , indicating that some of the available lithium ions did not participate in the discharge. Therefore, this contribution of the capacity fade could be regarded as the incomplete discharge caused by the overpotential rise, defined as Cap z loss (N ). When the total amount of active material remains stable, the capacity fade caused by the reasons mentioned above could be explained using the y and z terms in (7) . Therefore, when the negative electrode is the control electrode, the quantitative decomposition of the capacity fade can be expressed as follows:
is the capacity fade due to active material loss.
is the capacity fade due to the parameters x 0 change. (10) is the capacity fade due to the parameters x end change.
In this paper, the three parts of capacity fade are calculated by the changes in the parameters in (2) and (4), and (5) ∼ (7) are their mathematical derivations. As long as the value of the corresponding parameter is obtained, decomposition analysis of battery discharge capacity fade can be performed.
B. RESULTS AND DISCUSSION
The three components of the capacity fade could be quantitatively calculated using (8) ∼ (10) with the identified parameters, Fig. 13 shows the decomposition results in four different aging patterns, and Table 4 shows the average ratios in three aging stages. The early stage stands for 0∼120 cycles, the medium stage stands for 121∼240 cycles, and the late stage stands for 241∼360 cycles.
For high-temperature aging patterns ( Fig. 13a and 10b ), two main stages are observed for the capacity fade. In the early-medium stages, the capacity decreases slowly, while in the late stage, the capacity decreases more rapidly. The part x contribution increases faster in the late stage, comprising approximately 40% of the total; thus, it should be considered a main factor in the capacity fade in the late stage. The part y contribution increases linearly and in all stages accounts for more than 41%, showing that the part y contribution is another dominant factor in the capacity fade.
For room-temperature aging patterns ( Fig. 13c and 13d ), three main stages are observed for the capacity fade. The capacity decreases rapidly in the early stage, slowly in medium stage, and then rapidly again in the late stage. The part x contribution increases very slowly and has very small ratios. While the part y contribution increases linearly, it remain greater than 50% in all stages. In particular, in the medium-late stages, the part y contribution comprises more than 74% of the total, so this contribution is the most important factor in the capacity fade.
In summary, in the early stage of aging, part y causes most of the capacity fade. In the medium stage, the capacity fade is mainly caused by part x at high ambient temperature and by part y at room temperature. Moreover, the part x and part z contributions at high temperature are obviously higher than those at room temperature, showing that more active material is lost and that higher overpotential occurred, which is probably due to the SEI film growth. In addition, a higher cycle current rate causes more part y, which is the main reason for the capacity fade difference at the same ambient temperature but different current rates.
IV. DECOMPOSITION STUDY OF OVERPOTENTIAL RISE A. METHODOLOGY
According to the reaction overpotential and the terminal voltage equations in the multiphysics model ( (A6) and (A8) in Appendix A), the terminal voltage of the battery can be VOLUME 6, 2018 given by: (11) where the SEI-film resistance of the positive electrode is ignored, so the total overpotential could be divided into five contributions:
x concentration overpotential in electrodes
where E eq ocv,p and E eq ocv,n are the equilibrium potentials of the positive e and negative electrodes, respectively, determined by the average Li-ion concentration in the electrodes and i is the total current density in the battery.
The z overpotential in the electrolyte was decomposed into three parts in [27] :
z-2 ohmic overpotenial in electrodes
z-3 concentration overpotential in electrolyte (13) where
)(1 − t 0 + ). All symbols are defined in Appendix C.
B. RESULTS AND DISCUSSION
Simulations of the ''standard conditions'' by using the identified parameters can provide detailed information regarding the overpotential. According to (12) , the five contributions of the total overpotential can be quantitatively calculated for different aging patterns.
In Fig. 14 , the decompositions of the total overpotential at the start of discharge (SOD) and the end of discharge (EOD) are shown for high-temperature aging patterns, and in Fig. 15 , the decompositions of the total overpotential are shown for room-temperature aging patterns. There is no concentration overpotential in the electrode at the beginning of the discharge because the lithium-ion concentration is at equilibrium after a long-term rest before discharging.
It can be observed that at the very beginning of discharge, the total overpotential rises linearly, and a high ambient temperature causes faster growth. At the end of discharge, the total overpotential rises in two obvious stages: in the first 120 cycles, the total overpotential rapidly rises to 0.5 V, and after the 120 th cycle, it increases linearly. A higher ambient temperature causes a greater overpotential, while at the same ambient temperature, the growth of the total overpotential shows no significant differences between the different cycle rates.
In Tables 5 and 6 , the average ratios of the five components of the total overpotential in different aging stages are shown. At the end of discharge, the x concentration overpotential in electrodes is the most significant factor because it has the highest fraction (greater than 65%). The | overpotential of connecting resistance is always the least significant factor, and its contribution is never above 5%. Here, we discuss the overpotential growth of the individual contributions.
x Concentration overpotential in the electrode: This contribution of the overpotential is mainly caused by the phenomenon of solid-phase diffusion, and thus, it increases rapidly in the early stage of aging and changes slowly in the medium and late stages. It is the most important component of the total overpotential at the end of discharge.
y Reaction overpotential: In the high-temperature aging pattern, it has a linear rising trend. By contrast, in the roomtemperature aging pattern, the reaction overpotential is very small and hardly increases in the early and medium stages, contributing no more than 7%, but rises rapidly in the late stage. Therefore, the reaction potential is also one of the main reasons for the increase in the total overpotential in the late stage.
z Overpotential in the electrolyte: It can be further divided into three contributions according to (15) , where z-1 is the ohmic overpotential in the electrolyte and z-2 is the ohmic overpotential in the electrodes determined by the conductivities of the electrolyte and electrode materials, which remain stable during cycle aging. The z-3 concentration overpotential in the electrolyte is determined by the electrolyte concentration difference between the positive and negative current collectors. This part contributes little to the increase in the total overpotential.
{ Overpotential of the SEI-film resistance: According to (12) , this contribution is determined solely by the value of the SEI-film resistance R film,n . In the high-temperature aging pattern, the SEI film grows rapidly; thus, the resistance rises, and this overpotential contribution rises faster than that in the room-temperature aging pattern. Therefore, the overpotential of the SEI film resistance is another major reason for the overpotential growth in the high-temperature aging pattern.
| Overpotential of connecting resistance: The ratio of this contribution is less than 1% of the total and rises only slightly in the late stage in the high-temperature aging pattern. It has little effect on the total overpotential.
In summary, the growth of the overpotential during cycle aging consists mainly of three parts: x concentration overpotential in the electrode, y reaction overpotential and { overpotential of the SEI-film resistance. The total overpotential growth in the early stage of cycle aging is mainly determined by the growth of components x and {. In the medium stage, the increase in the total overpotential is mainly determined by components y and {. Finally, in the late stage, only component y rises continuously, and its ratio increases accordingly.
V. DECOMPOSITION STUDY OF HEAT BEHAVIORS A. METHODOLOGY
The heat generation rate includes three contributions: the reaction heatQ act , entropic heatQ ent and ohmic heatQ ohm . The total heat generation rate can be calculated byQ = Q act +Q ent +Q ohm as follows, and all values of the variables can be obtained by model simulation.
(1) The reaction heat:
(2) The entropic heat: The ohmic heat generation rate can be obtained by summing these three parts asQ ohm =Q ohm,s +Q ohm,e +Q ext . The heat exchange between the battery surface and the ambient environment occurs in the following two ways:
(1) Heat convection, governed by Newton's law of cooling:
(2) Heat radiation, governed by the Stefan-Boltzmann function:q
where T sh is the shell temperature of the battery, T am is the ambient temperature, h is the heat transfer coefficient, σ is the Stefan-Boltzmann constant and ε is the emissivity.
B. RESULTS AND DISCUSSION
Based on (14) (16), the three components of the heat generation rate can be simulated by using the identified parameters under the ''standard conditions''. The decompositions of the heat generation rate in different aging patterns and aging stages are shown in Fig. 16 , and the average ratios are shown in Table 7 . It is observed that the total heat generation rates grow linearly with the aging cycle. In the high-temperature pattern, the reaction heat and ohmic heat are the main factors in the total heat generation, and in the late stage, these two factors contribute up to 87%∼89% of the total heat generation. In the room-temperature pattern, the ratio of ohmic heat remains at approximately 50%, and the entropic heat is the second significant heat generator, even though its ratio drops during aging.
Equations (17) ∼ (18) provide a quantitative calculation of the two components of the heat exchange rate, and simulations can also be conducted under the ''standard conditions''. The total heat exchange energy can be further calculated from the time integration of the heat exchange rate multiplied by the battery surface area (q c +q r ) A cell dt. Fig. 17 shows the decomposition of the heat exchange energy during aging, where the dot-dash line shows the total heat generation energy, obtained from the time integration of the heat generation rate multiplied by the battery volume ( Q V cell dt).
Obviously, heat convection dominates the total heat exchange, and its average contribution is 83%. Heat radiation contributes only 17% of the total heat exchange. This ratio remains stable during aging, and it shows no difference among the four aging patterns because the heat exchange is only determined by the battery surface material and heat exchange conditions, which were not changed in the experiment. Compared to the total heat generation (dot-dash line), most heat is lost to the environment by heat exchange, retaining only 11% of the heat in the battery, which results in an increase in the battery temperature.
In summary, the generation rates of the ohmic heat and the reaction heat rise along with the aging of the battery, and the rising trend is consistent with the increase in the overpotential. In addition, the amount of heat exchange is similar to the degradation of the total heat generation, most of the generated heat is dissipated into the environment, and the difference between the total heat generation and the heat exchange eventually causes the rise in the battery temperature.
VI. CONCLUSIONS
A nondestructive decomposition study of degradation of lithium-ion batteries is proposed in this paper. The parameter degradation of a multiphysics model is achieved by using a multi-objective genetic algorithm and a four-pattern aging test. The three main components of the capacity fade are quantitatively calculated, and then the total overpotential and the total heat generation rate are also decomposed by the multiphysics model simulation with identified parameters under ''standard conditions''. Some results are provided graphically for different aging patterns, and the different ratios in different aging stages are also given in tables, allowing some conclusions to be drawn accordingly:
(1) There are three contributions of the capacity fade, they reflect the changes in model parameters ε s,n , x 0 and x end , respectively. The part x is the dominant factor when the batteries are cycled at high ambient temperatures, while the part y is the dominant factor in room-temperature aging, and a higher current rate will give rise to greater part y during cycle aging.
(2) At the start of discharge, the total overpotential can be divided into four contributions. The overpotential of the SEI-film resistance is the most important part. Higher aging temperature causes more reaction overpotential and overpotential of the SEI-film resistance. The growth of overpotential during cycle aging is mainly composed of the concentration overpotential in the electrolyte, the reaction overpotential and the overpotential of the SEI-film resistance.
(3) At the end of discharge, the total overpotential can be divided into five contributions. The concentration overpotential in the electrode becomes the most important component with over 65% of the total, which rises rapidly in the early stage of aging and then changes slowly in medium and late stages. The overpotential in the electrolyte and the overpotential of the SEI-film resistance are another two main factors, while the reaction overpotential only rises rapidly in the late stage of aging and the overpotential of the connecting resistance has a slight effect on the total overpotential.
(4) The heat generation rate can be divided into three parts. In the high-temperature pattern, the reaction heat and ohmic heat are the main factors. In room temperature pattern, the ratio of ohmic heat remains at approximately 50%, and the entropic heat is the second most significant heat generator. The total heat exchange can be divided into two parts, and the ratio remains stable during aging. Most of the heat generated by the battery is dissipated into the environment, and only 11% of heat generation stays in the battery and causes the temperature rise.
Compared to existing postmortem analysis methods or other similar methods. The proposed method does not rely on special test schedule or instruments. It is based on the values of the model parameters, which could be obtained in several ways. In practical applications, dynamic charge/discharge data can be easily collected by the BMS and it is very suitable for parameter identification with the multiphysics model. Once the values of the parameters were obtained, the proposed method could be applied without the use of any additional instruments or data. Though the results of this method may be not accurate enough as powerful evidence for capacity fade analysis by electrochemists, the obtained results are expected to be use in battery aging tracking and primary diagnosis. I hope this method can extend the applications of the multiphysics model and bring a new idea to the engineering field of Lithium-ion battery application.
APPENDIX
A. MULTIPHYSICS MODEL OF CYLINDRICAL LITHIUM-ION BATTERIES
The multiphysics model includes three parts: the electrochemical model, the thermal model and the radial heat distribution model. The electrochemical part is described by the P2D model [33] , [34] . Section B-B in Fig. 18 shows the schematic of the P2D model for a lithium-ion battery. It consists of two current collectors, a negative electrode, a separator and a positive electrode. Both electrodes and the separator have porous structures. Two inner boundaries (negative electrode/separator interface 2 and separator/positive electrode interface 3) and two external boundaries (Cu/negative electrode interface 1 and positive electrode/Al interface 4) are also shown. The physical and chemical processes, such as ion diffusion, migration, transportation and electrochemical kinetics, are described by several partial differential equations and algebraic equations in Table 8 . The meanings of the symbols are explained in detail at the end of this article. In (A6), E ocv is the open-circuit potential, which is a function of the solid phase Li + concentration at the particle surface. The E ocv of Li x C 6 is obtained from [35] , and the E ocv of Li y CoO 2 is obtained from [27] .
Thermal phenomena such as energy conservation, heat generation and exchange also occur during the charge/discharge process, and they can be simulated by the P2D model, as presented in Table 9 . The heat is generated in the spiral roll and includes the heat of electrochemical dT is the entropy coefficient and is obtained from [35] .
A typical cylindrical battery is a spiral roll cell as shown in Fig. A1 . Thin layers of the anode, cathode, separator and current collector are stacked up as Section B-B and rolled up on the central mandrel as Section A-A, and they are then inserted into a can. The gaps are filled with liquid electrolyte.
The temperature distribution in the radial direction of a cylindrical battery is more obvious than that in the axial direction due to the small thermal conductivity [36] . Therefore, the heat conduction term in (A9) can be expressed in one-dimension by Fourier's Law:
The temperature gradient at the center of the battery is zero, while at the battery surface, it is given by the heat exchange rate at the surface as:
where R cell is the cylindrical battery radius and the heat exchange rate is given byq =q c +q r . The temperature shows continuity at the interfaces of the spiral roll, gap and can. A thermal impedance model is developed to simulate the thermal distribution in the radial direction of the cylindrical lithium-ion battery, as shown in Fig. 19 . The temperature of the can is defined as ''T sh '' in (10), which can be measured experimentally.
In Fig. 19 , the spiral roll is divided into NR grids in the radial direction using the finite volume method (FVM). Each finite element is a cylindrical shell, and the innermost element is a cylinder. The volume V i and centroid radius r i of each element could be obtained from the geometric parameters, and T i is the temperature of the i th element. The thermal resistance between the two adjacent elements is given by:
where H is the effective height of the spiral roll. The thermal capacity is determined by:
where the density ρ and heat transfer coefficient λ are the volume-averaged values of all materials in the spiral roll. The volume-averaged value of T 1 to T NR is used as T in the Arrhenius law. The multiphysics model was implemented using the improved DUALFOIL 5.1 program, which is a universal battery simulation program developed by J. Newman's research group [37] . The BAND(j) subroutine is used to solve the PDEs in the P2D model, and we have added some subroutines for local heat generation, heat exchange, temperature distribution and parameters updates based on the above-mentioned equations. The time step size can be self-adjusted according to the degree of convergence, and the maximum time step size is 20 s. The number of nodes in the negative and positive electrode is 80, the number of nodes in the separator is 40, and the number of nodes in the solid particle is 50. Approximately 7 s is required to simulate the dynamic charge/discharge process in RPT on a PC with INTEL Core i7-4790 CPU (3.6 GHz) and 8G RAM.
B. PARAMETERS OF THE EXPERIMENTAL BATTERIES
The specifications of the experimental batteries are listed in Table 10 .
The parameters of the electrodes, active materials, and electrolyte are listed in Table 11 and Table 12 . The values of the identified parameters are given by ranges. The meaning of all parameters are shown in Appendix C. The thermal parameters and the geometric parameters are listed in Table 13 and Table 14 . 
C. NOMENCLATURE SYMBOLS OF MULTI-PHYSICS MODEL
